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Peptidoglycan is the major component of the bacterial cell wall and is involved in osmotic protection and in
determining cell shape. Cell shape potentially influences many processes, including nutrient uptake as well as
cell survival and growth. Peptidoglycan is a dynamic structure that changes during the growth cycle. Penicillin-
binding proteins (PBPs) catalyze the final stages of peptidoglycan synthesis. Although PBPs are biochemically
and physiologically well characterized, their broader effects, especially their effects on organismal fitness, are
not well understood. In a long-term experiment, 12 populations of Escherichia coli having a common ancestor
were allowed to evolve for more than 40,000 generations in a defined environment. We previously identified
mutations in the pbpA operon in one-half of these populations; this operon encodes PBP2 and RodA proteins
that are involved in cell wall elongation. In this study, we characterized the effects of two of these mutations
on competitive fitness and other phenotypes. By constructing and performing competition experiments with
strains that are isogenic except for the pbpA alleles, we showed that both mutations that evolved were beneficial
in the environment used for the long-term experiment and that these mutations caused parallel phenotypic
changes. In particular, they reduced the cellular concentration of PBP2, thereby generating spherical cells with
an increased volume. In contrast to their fitness-enhancing effect in the environment where they evolved, both
mutations decreased cellular resistance to osmotic stress. Moreover, one mutation reduced fitness during
prolonged stationary phase. Therefore, alteration of the PBP2 concentration contributed to physiological
trade-offs and ecological specialization during experimental evolution.

Bacteria in nature must survive multiple stresses and re-
peated shifts between feast and famine conditions. When Esch-
erichia coli experiences nutritional deprivation, its growth rate
decreases sharply and the cells become more spherical and
resistant to various other environmental stresses (27). Many of
the morphological and physiological changes that occur during
entry into “stationary” phase are associated with the cell en-
velope, especially the cell wall.

Peptidoglycan is the major component of the bacterial cell wall,
and it affects osmotic stability and cell shape (78). Many of the
final steps of peptidoglycan synthesis are catalyzed in the
periplasm by the penicillin-binding proteins (PBPs) (40, 82).
These enzymes are named for their binding to �-lactam antibiot-
ics that inhibit cell wall biosynthesis. Twelve PBPs have been
identified so far in E. coli, and they are classified as high-molec-
ular-weight (HMW) and low-molecular-weight (LMW) PBPs.
The HMW PBPs assemble both the glycan chain and the peptide
cross-links of peptidoglycan and are further divided into class A

PBPs (PBP1a, PBP1b, and PBP1c), which are bifunctional en-
zymes that perform both transglycosylation and transpeptidation
functions, and class B PBPs (PBP2 and PBP3), which are mono-
functional transpeptidases (24). The LMW PBPs (PBP4, PBP5,
PBP6, PBP7, DacD, AmpC, and AmpH) are monofunctional,
and they modify peptidoglycan by either carboxypeptidase or en-
dopeptidase activities (53).

Numerous studies have investigated the physiological roles
of PBPs by mutating either the PBP-encoding genes or by
inactivating the corresponding proteins using specific �-lactam
antibiotics. Although the class A HMW PBPs are peptidogly-
can synthases, their physiological role is still unclear. Multiple
Bacillus subtilis mutants are viable, although they have in-
creased average cell lengths and reduced cell diameters (41,
53), whereas in E. coli the absence of two class A PBPs caused
cell lysis (83). The two E. coli class B HMW PBPs, PBP2 and
PBP3, are the only HMW PBPs that are essential for cell
elongation and division, respectively. Loss of PBP2 results in
cells that are spherical instead of rod shaped; PBP2 mutants
are unable to grow and divide in rich media (18) unless com-
pensatory mutations are present (75, 76). By contrast, PBP3 is
involved in peptidoglycan synthesis during septation, and the
absence of PBP3 causes cell filamentation (10, 65). The LMW
PBPs have been shown to be involved in the control of cell
shape, and severe shape abnormalities have been detected in
mutants defective for several of these PBPs (44, 45, 53).

It is often necessary to inactivate several PBP-encoding
genes to observe a clear phenotypic effect, which raises inter-
esting questions about the biological significance of each indi-
vidual PBP, such as whether single mutations may have more
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Systèmes Intégrés (BBSI), Institut de Recherches en Technologies et
Sciences du Vivant (iRTSV), UMR 5092 CNRS-CEA-Université Jo-
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subtle effects on phenotypes such as competitive fitness. An E.
coli mutant lacking as many as 8 of the 12 PBPs (PBP4, PBP5,
PBP6, PBP7, AmpC, AmpH, DacD, and either PBP1a or
PBP1b) is viable (17). Even shape aberrations may become
noticeable only when multiple LMW PBP-encoding genes are
inactivated (53). In a recent study, the physiological relevance
of 10 PBPs for survival during prolonged starvation was inves-
tigated (51), and in this environment PBP1b was shown to be
required for long-term persistence. The same mutant was also
more sensitive to osmotic stress. However, nine other PBPs
(PBP1a, PBP1c, PBP4, PBP5, PBP6, PBP7, AmpC, AmpH,
and DacD) were apparently dispensable for survival during
starvation. Two other PBPs, PBP2 and PBP3, could not be
evaluated because inactivation of the corresponding genes
resulted in severe defects. In that study, all the mutations
were deliberately constructed and subsequently tested to de-
termine their effects on fitness, in contrast to mutations that
may arise spontaneously and be substituted by natural selec-
tion. Here, we describe functional analyses of mutations within
the operon containing the pbpA gene (referred to below as the
pbpA operon), encoding the PBP2 and RodA proteins, that
evolved in E. coli during a long-term experiment.

Twelve populations of E. coli were founded in 1988 using a
common ancestor and have been propagated by daily serial
transfer, after 1:100 dilution, in a defined glucose-limited me-
dium for more than 40,000 generations (33, 36, 38). These
populations experience a daily cycle of regrowth in fresh me-
dium followed by a transition into stationary phase, during
which the cells starve until the next transfer into fresh medium.
The environment therefore imposes repeated bouts of feast
and famine. A “frozen fossil record” is available because sam-
ples of each population have been conserved at regular inter-
vals throughout the experiment. Substantial adaptive evolution
has occurred in all of the replicate populations, as they exhib-
ited similar gains in competitive fitness (on average, about
70%) after 20,000 generations (13). (In other words, an
evolved population grew about 70% faster than its ancestor
while the two populations competed with one another using
the same serial transfer regimen that was used in the evolution
experiment.) Several other phenotypic traits also evolved in
parallel in most or all of the populations. The most visually
apparent of these traits is a substantial increase in the average
cell size in all 12 populations (35). Other parallel phenotypic
changes include faster exponential growth and a shorter lag
phase (74), reduced catabolic breadth (13), and increased
DNA superhelicity (14). Also, global transcriptional and pro-
teomic profiles were obtained for two populations, and signif-
icant parallel changes were observed in the expression of doz-
ens of genes (11, 50).

To date, three types of genetic and molecular analyses have
been performed with the evolved lines, which has allowed
discovery of mutations in about 10 genes (52). First, some
mutations were found in candidate genes known to affect cer-
tain phenotypes that changed conspicuously in some or all of
the evolved populations. All 12 lines lost the capacity to grow
on ribose, and deletions in the rbs operon were found in all of
them (12). Also, three lines became mutators by 10,000 gen-
erations, and the underlying mutations were found in the mutL
and mutS genes (62, 64). Second, analyses of global gene ex-
pression profiles and regulatory networks for two focal popu-

lations allowed us to discover mutations in the spoT, topA, and
fis genes involved in the stringent response and DNA topology
regulatory networks, respectively (11, 14, 50), and in the malT
gene involved in maltose consumption (50). Third, insertion
sequence (IS) elements were used as genomic markers to find
mutations in the same two focal populations (48, 61). A total of
four IS150 insertions were found; these insertions were located
within the pykF gene encoding pyruvate kinase I (8), within the
nadR gene encoding the repressor of the NAD biosynthetic
genes (26), within the hokB locus homologous to plasmid ad-
diction modules (49), and 11 bp upstream of the putative
promoter of the pbpA operon encoding PBP2 and RodA,
which are involved in cell wall biosynthesis and determination
of the cell shape (5).

The gene expression and IS element studies were performed
with only two populations, so the relevant loci were subse-
quently sequenced and analyzed in all 12 populations (11, 50,
79; E. Crozat, C. L. Winkworth, J. Gaffé, P. F. Hallin, M. A.
Riley, R. E. Lenski, and D. Schneider, unpublished data).
These analyses uncovered numerous examples of genetic par-
allelism, in which the same loci also harbored mutations in
many or all of the other populations. Of particular relevance to
the present study, mutations were found in the pbpA operon in
one-half of the populations (Fig. 1). This parallelism is in
striking contrast to data obtained by a sequencing analysis of
36 genes chosen at random, in which almost no mutations were
detected and no gene was affected in more than one popula-
tion (34). Several statistical tests provided strong support for

FIG. 1. Mutations identified in the pbpA operon in evolving E. coli
populations (adapted from references 61 and 79). (A) Organization of
the operon and location of mutations in populations Ara-1, Ara-2,
Ara-4, Ara-5, Ara�1, and Ara�6. The operon includes five genes;
ybeA and ybeB encode proteins with unknown functions, pbpA encodes
PBP2, rodA encodes the RodA protein, and rlpA encodes a rare li-
poprotein. Both PBP2 and RodA are involved in cell wall elongation
and cell morphogenesis. The size of each coding region is indicated.
The locations of evolved mutations are indicated by arrows, and the
populations in which they occurred are indicated above the arrows.
The two evolved pbpA alleles studied in this work are enclosed in boxes
(Ara-5 and Ara�1). The bent arrow upstream of ybeB indicates the
operon’s putative promoter (2). (B) Characteristics of the evolved
mutations, including the populations in which they arose, their posi-
tions relative to the first nucleotide of the translation initiation codon
of pbpA, their molecular nature, and their consequences for the amino
acid sequence. Several populations, indicated by (M), evolved mutator
phenotypes and had substantially elevated mutation rates. Population
Ara�1 acquired an IS150 insertion (::IS150). Mutations in the regu-
latory region are indicated by “Non coding.”
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the conclusion that the parallel mutations conferred selective
advantages to the bacteria under the conditions that prevailed
during the evolution experiment (79). This conclusion was
confirmed for several loci by performing direct competition
between isogenic strains that differ only by mutations in the
affected genes. To date, however, no competition experiments
have been performed to test the fitness effects of the evolved
pbpA alleles, nor have any phenotypic traits been shown to be
caused by the mutations found in the pbpA operon.

Therefore, in this study, we sought to characterize the effects
on competitive fitness and other phenotypic traits of two inde-
pendently evolved mutations in the pbpA operon. We demon-
strate here that both mutations were beneficial under the con-
ditions used in the long-term evolution experiment. We also
show that both mutations led to other parallel phenotypic
changes, including contributing to the increased cell size ob-
served in the evolving populations, as well as pleiotropic effects
shown by trade-offs in performance in other environments.

MATERIALS AND METHODS

Bacterial strains and plasmids. A derivative of E. coli B (31, 60) was used as
the common ancestor to initiate 12 populations that have been serially propa-
gated in the same glucose-limited minimal medium for more than 40,000 gen-
erations (9, 13, 33, 36, 38). Six of the populations, designated Ara-1 to Ara-6,
were initiated from strain REL606, which is unable to use arabinose as a carbon
source (Ara�), whereas the other six populations, designated Ara�1 to Ara�6,
were initiated from an Ara� mutant, REL607, of the same strain. Ara� and
Ara� cells produce red and white colonies, respectively, on tetrazolium-arabi-
nose indicator plates (38). During competition experiments, the Ara phenotype
provides a marker that has been demonstrated to be selectively neutral in the
glucose-limited environment (36, 38). At 500-generation intervals throughout the
evolution experiment, samples were obtained from each population and frozen
as glycerol suspensions at �80°C.

A total of nine mutations in the pbpA operon were found in six populations
after 20,000 generations (79). Population Ara-2 had four mutations, while pop-
ulations Ara-1, Ara-4, Ara-5, Ara�1, and Ara�6 had one each (Fig. 1). Popu-
lations Ara-2, Ara-4, and Ara�6 had become mutators by 20,000 generations,
whereas the three other populations with mutations in the pbpA operon had not
become mutators (13, 64). To avoid possible complications arising from second-
ary mutations in mutator lineages, we focused on the evolved pbpA alleles that
were substituted in nonmutator populations Ara-1, Ara-5, and Ara�1. Despite
numerous attempts, we were unable to move the Ara-1 evolved allele into the
ancestral chromosome; we do not understand why this difficulty occurred. In any
case, we focused on the evolved alleles pbpA-5 and pbpA�1 that were substituted
in populations Ara-5 and Ara�1, respectively.

From the “frozen fossil record” kept throughout the long-term evolution
experiment, we used heterogeneous samples and individual evolved clones iso-
lated at different generations from the same two populations, Ara-5 and Ara�1.
These samples and clones are described in Table 1, as are strains derived from
them by construction of otherwise isogenic chromosomes with different alleles of
the pbpA operon (see below).

For cloning experiments, we used E. coli JM109 (80) and standard procedures
(57) or TOP10 (Invitrogen) according to the supplier’s recommendations. We
used plasmids pCRII-Topo (Invitrogen) and pKO3 (39) for cloning experiments
and allelic replacement, respectively. Transcriptional fusions with lacZ as a
reporter gene were constructed using plasmid pRS551 (63).

Growth conditions and media. Strains were grown either in rich LB medium
(57) or in Davis minimal medium supplemented with one of two glucose con-
centrations, 25 �g/ml (DM25) (the concentration used in the evolution experi-
ment) (38) or 250 �g/ml (DM250) (to obtain denser cell cultures). Infections
with phage � were performed after bacteria were grown in TBMM medium (10
g/liter tryptone, 5 g/liter NaCl, 0.2% maltose, 10 mM MgSO4, 1 �g/ml thiamine).
Chloramphenicol (30 �g/ml), ampicillin (100 �g/ml), kanamycin (50 �g/ml), and
nalidixic acid (20 �g/ml) were added as needed.

Agar (Difco) was added at a concentration of 12 g/liter to LB medium to
obtain rich medium for plating cells. Selection for sucrose-resistant clones during
allelic exchange experiments was performed by plating cells onto sucrose plates
in which 5% sucrose but no NaCl was added to the LB plating medium. To

distinguish Ara� clones from Ara� clones, cells were spread onto tetrazolium-
arabinose indicator plates (10 g/liter tryptone, 1 g/liter yeast extract, 5 g/liter
NaCl, 0.05% antifoam agent, 1% arabinose, 0.005% tetrazolium, 12 g/liter agar).
All experiments and procedures were performed at 37°C unless otherwise noted.

Strain construction. We performed two sets of allelic replacement procedures.
First, the evolved pbpA operon from population Ara-5 was moved into the Ara�

ancestral background. Second, the evolved pbpA operons from populations
Ara�1 and Ara-5 were replaced by the ancestral pbpA allele (from REL606).
The Ara�1 evolved allele was not moved into the ancestral background because
this allele has an IS150 element that is inserted upstream of the pbpA operon and
our efforts to move this allele invariably led to unintended recombination with
other copies of the IS150 elements present in the ancestral strain (48). All gene
replacement experiments were performed by using suicide plasmid pKO3, which
has a temperature-sensitive origin of replication (39), as described in detail
elsewhere (14).

Briefly, DNA fragments containing either the evolved pbpA-5 allele or the
ancestral pbpA allele (pbpAanc) were PCR amplified using primers ODS305 (5�
GACAATGCGGTTTTTGCCTG 3�) and ODS306 (5� GTGGAACGCTTTAT
CGCAAG 3�), while the ancestral counterpart of the pbpA�1 allele was obtained
with primers G167 (5� ACGACGCAGGTACTCGGTA 3�) and G168 (5� CTC
ATGCAAGAAGATGCCG 3�). The three PCR products were cloned into the
suicide plasmid pKO3. The plasmids carrying ancestral alleles were electrotrans-
formed into evolved clones isolated from the Ara�1 and Ara-5 populations,
while the plasmid bearing the evolved pbpA-5 allele was introduced into the
ancestral strain. In each case, integration of the nonreplicative plasmid into the
chromosomal pbpA operon was selected by plating transformed cells on LB agar
containing chloramphenicol and incubating the preparation at the restrictive
temperature. Chloramphenicol-resistant clones were then streaked on sucrose
agar to select for sucrose-resistant cells that had lost the plasmid, because pKO3
carries the sacB gene, whose product makes the host susceptible to killing by
sucrose. The plasmid-free cells were then screened for the presence of the
ancestral or evolved pbpA allele, either by measuring the length of the PCR

TABLE 1. Bacterial strains used in this study

Strain Description Reference(s)

REL606 E. coli B Bc251 T6r Strr rmIII
Ara� (pbpAanc)

a
31, 60

REL607 Ara� revertant of REL606
(pbpAanc)

a
38

REL768 500-generation mixed sample of
population Ara�1

38

REL958 1,000-generation mixed sample
of population Ara�1

38

REL1062 1,500-generation mixed sample
of population Ara�1

38

REL1158 2,000-generation mixed sample
of population Ara�1

38

REL1158A 2,000-generation clone from
population Ara�1 (pbpAanc)

a
38

REL1158C 2,000-generation clone from
population Ara�1 (pbpA�1)a

38

REL766 500-generation mixed sample of
population Ara-5

38

REL968 1,000-generation mixed sample
of population Ara-5

38

REL1072 1,500-generation mixed sample
of population Ara-5

38

REL1168 2,000-generation mixed sample
of population Ara-5

38

REL968-8 1,000-generation clone from
population Ara-5 (pbpA-5)a

This study

DVS53 REL1158C pbpAanc
a This study

DVS79 REL968-8 pbpAanc This study
LUD5 REL606 pbpA-5

a This study
LUD6 LUD5 with pbpA-5 restored to

pbpAanc
a

This study

a For individual clones, pbpAanc indicates the ancestral allele, while pbpA�1
and pbpA-5 indicate the evolved alleles from populations Ara�1 and Ara-5,
respectively.
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product containing the pbpA operon for population Ara�1 or by using a PCR-
restriction fragment length polymorphism approach with restriction enzyme
GsuI (Fermentas) to distinguish between ancestral and evolved alleles from
population Ara-5. To control for possible secondary mutations that might have
occurred during strain construction, we performed reciprocal “deconstruction
experiments,” in which each introduced allele was removed and replaced with
the original allele (11). The resulting strains were used as controls for assessing
the reversion of all relevant phenotypes (fitness, PBP levels, and cell size), and
complete reversion indicated that there were no secondary mutations that would
otherwise complicate the analyses.

Measurement of cell morphology and cell volume. Each strain was grown in
DM250 to mid-exponential phase (optical density at 600 nm [OD600], 0.2), and
cells were observed using a Zeiss Axioplan 2 microscope. In some cases, as noted
below, 4 �g/ml of amdinocillin was added to the cultures after 1 h of incubation;
cells were then incubated for an additional 5 h and observed.

Average cell volumes were estimated at stationary phase following two daily
cycles of growth in DM25 under the same conditions that were used in the
long-term evolution experiment and then 1:100 dilution in isotone solution
(Beckman). Cell volumes were analyzed using a Coulter Multisizer 3 counter
(Beckman). The mean cell volume was estimated by using six replicate cultures
and a total of about 300,000 cells for each strain analyzed.

Construction of pbpA-lacZ transcriptional fusions. The ancestral and evolved
promoter regions of the pbpA operon were PCR amplified using primers
ODS298 (5� GGGGTCGAGAATTCATGACTTTTC 3�) and ODS299 (5� GG
CTGGACGGATCCGTACAGATGA 3�) and cloned into pRS551 (63), which
generated transcriptional fusions with lacZ as a reporter. These fusions were
then crossed in vivo into the �RS45 bacteriophage derivative, which was followed
by lysogenization of the ancestral strain REL606 at the chromosomal att(�) site,
as described previously (63). A PCR assay was performed to confirm that only a
single prophage was integrated (54).

The same protocol was not used for the fusion with the pbpA�1 promoter
region, however, because this evolved allele has an IS150 insertion (61) that
might lead to difficulties in introducing a single copy of the fusion into att(�).
Therefore, the activity of the evolved pbpA�1 promoter was instead analyzed
using a plasmid fusion. Specifically, the plasmid carrying the PpbpA�1::lacZ
fusion was introduced into the ancestral strain REL606, and its �-galactosidase
activity was compared to the activities obtained with both pRS551, which lacks
any insert, and the PpbpAanc::lacZ fusion.

The �-galactosidase activities were assayed by using o-nitrophenyl-�-D-galac-
topyranoside as a substrate and were expressed in �mol o-nitrophenol min�1

mg�1 cellular protein (42). All the activity values reported below are the aver-
ages of three independent assays.

Membrane preparations. Each strain was grown for 16 h at 37°C in 500 ml
DM250. Cells were harvested by centrifugation (4,000 � g, 10 min, 4°C), washed
with 50 ml of 70 mM Tris-HCl (pH 7.4), and resuspended in 20 ml of the same
buffer. Cells were disrupted using a French press (ThermoSpectronic) at 1,000
lb/in2. Cell fragments, nucleic acids, and unbroken cells were concentrated by
centrifugation (4,000 � g, 10 min, 4°C) and discarded. Membranes were then
sedimented by ultracentrifugation (50,000 � g, 1 h, 4°C). The resulting pellet was
resuspended in 250 to 500 �l of 70 mM Tris-HCl (pH 7.4) containing 10%
(vol/vol) glycerol and stored at �80°C. The protein concentration was deter-
mined by performing a Bradford assay (Bio-Rad) with bovine serum albumin as
the standard.

Detection of PBP2 by Western blotting. Forty micrograms of membrane pro-
teins was diluted in 70 mM Tris-HCl (pH 7.4) and mixed with 5 �M fluorescein-
conjugated ampicillin (a gift from Galleni Moreno), which binds specifically to
PBPs (final volume, 20 �l). The samples were incubated for 30 min to 1 h at 30°C
and then subjected to 8% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Immunoblot analyses of proteins that were electrotransferred (Bio-
Rad) onto polyvinylidene difluoride membranes (Amersham Pharmacia) were
performed with horseradish peroxidase-conjugated antifluorescein antibodies
(Roche). The blots were developed using the enhanced chemiluminescence
method by following the supplier’s recommendations (Amersham Pharmacia).

To specifically identify PBP2 on the immunoblots, an amdinocillin competition
assay was performed. Prior to addition of ampicillin, one half of the membrane
protein samples were treated for 30 min to 1 h at 30°C with 4 �g/ml amdinocillin.
This antibiotic specifically binds and inactivates PBP2 (66), thereby competing
with fluorescein-conjugated ampicillin for binding to PBP2 and inhibiting its
fluorescent labeling. Water was added to the other half of the samples as a
control. The resulting comparison between amdinocillin-treated and untreated
samples allowed specific identification and quantification of PBP2.

Sensitivity to osmotic stress. Four replicate cultures of each strain were di-
luted 1:100 in LB medium containing 0, 0.1, 0.2, 0.4, or 0.6 M NaCl by using

overnight cultures in LB medium. After 12 h of incubation at 37°C, each culture
was sampled and serial dilutions were plated onto LB agar. The plates were then
incubated for 24 h at 37°C. The effect of osmotic stress on net population growth,
which reflected differences in both growth and survival, was estimated from the
ratio of the numbers of colonies for cells grown in the presence and in the
absence of NaCl.

Fitness assays. Pairwise competition experiments were performed to estimate
the fitness effects of the evolved and ancestral pbpA alleles. In all cases, the
competing strains also differed by the neutral Ara marker, which allowed them to
be distinguished by colony color on tetrazolium-arabinose plates. To ascertain
the effect of the evolved pbpA-5 allele, the Ara� variant of the ancestral strain,
REL607 (pbpAanc), was used in competition experiments with the following three
Ara� strains: the ancestor REL606 strain (pbpAanc); LUD5 (REL606 pbpA-5), in
which the evolved pbpA-5 allele was moved to the ancestral chromosome; and
LUD6 (LUD5 pbpAanc), in which the ancestral allele was restored. To measure
the effect of the pbpA�1 allele, the Ara� ancestor, REL606 (pbpAanc), was used
in competition experiments with the following three Ara� strains: the ancestral
REL607 strain (pbpAanc); REL1158C, a clone isolated at generation 2000 that
carries the evolved pbpA�1 allele; and DVS53 (REL1158C pbpAanc), in which
the ancestral allele was moved into the evolved clone. The competition experi-
ments were performed for 1 or 6 days (with 1:100 daily transfers), and the longer
assays allowed detection of smaller fitness effects. Each pairwise competition
experiment was replicated either five or six times. All competition experiments
were performed using the same medium and other conditions that were used
during the evolution experiment; hence, the assays encompassed the same phases
of population growth, including lag, exponential, and stationary phases (38, 74).
Prior to each assay, the competitors were separately acclimated to the same
regimen and then transferred together from stationary-phase cultures into fresh
medium (each diluted 1:200; thus, 1:100 combined dilution). Samples were taken
immediately after mixing on day 0 and then again after 1 or 6 days of competition
in order to measure the abundance of each competitor. From the initial and final
densities and the known dilution factor, we calculated the realized (net) popu-
lation growth of each competitor. Fitness was then calculated by determining the
ratio of the realized growth rates of the two strains during the direct competition.
We performed t tests to evaluate whether the measured relative fitness values
differed significantly from the null hypothetical value, which was 1.

We also tested for differences in competitiveness and survival between the
ancestral and evolved pbpA-5 alleles during a prolonged stationary phase in LB
medium using the same strains (REL607, REL606, LUD5, and LUD6) that were
used in the standard competition assays described above. Also, survival was
measured for each strain using a monoculture. Long-term survival was measured
by inoculating 5-ml LB medium cultures (1:1,000 dilution) using overnight cul-
tures that had been initiated from frozen glycerol stocks of each of the four
strains, as previously described (84). Briefly, cultures were grown in triplicate
with agitation at 37°C, and viable cell counts were determined daily by plating
serial dilutions of the cultures onto LB agar. For these stationary-phase compe-
tition experiments, the competitors were also marked with a mutation conferring
resistance to nalidixic acid. Each pairwise competition experiment was per-
formed twice, with the marker present in turn in each of the competitors to
control for any marker-associated effect; each reciprocal pair was then replicated
three times. The competing strains were grown separately for 24 h in LB medium
prior to mixing, which allowed them to enter and acclimate to stationary phase.
Cultures were then mixed 1:1,000, and the densities of the two competitors were
monitored for 15 days by serial dilution and plating on LB agar both with and
without nalidixic acid.

Evolutionary dynamics of pbpA allelic substitutions. The approximate time of
origin and subsequent dynamics of the pbpA mutations substituted in populations
Ara�1 and Ara-5 were analyzed by PCR using clones isolated from samples
frozen at different time points during the long-term experiment. For population
Ara�1, numerous clones obtained after 500, 1,000, 1,500, and 2,000 generations
were subjected to PCR using primers ODS298 and ODS299, and the ancestral
and evolved alleles were distinguished by the sizes of the PCR products. For
population Ara-5, clones obtained after 500, 1,000, and 2,000 generations were
subjected to PCR using the same primers, followed by restriction of the PCR
products with GsuI (Euromedex) to classify the pbpA allele as either ancestral or
evolved.

RESULTS

Evolved pbpA alleles reduce the expression of PBP2. Both
evolved alleles studied here have mutations in the promoter
region of the pbpA operon (Fig. 1), and so we analyzed their
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effects on the transcription of this operon. The strains carrying
pbpA::lacZ transcriptional fusions were grown in DM250, and
samples were taken at mid-log phase (OD600, 0.2) and again
during stationary phase (total incubation time, 24 h). The tran-
scriptional levels of each pbpA construct were then analyzed by
monitoring �-galactosidase activities.

Both evolved mutations in the pbpA promoter region caused
substantial reductions in the transcription of the operon (Table
2). The evolved pbpA�5 allele led to 14- and 8-fold reductions
during the exponential and stationary phases, respectively,
while the evolved pbpA�1 allele caused a 2-fold decline in each
phase. However, the apparent difference in the relative effects
of the evolved promoters is not necessarily meaningful, be-
cause the corresponding fusions were chromosomal for pbpA-5

and plasmidic for pbpA�1, for reasons explained in Materials
and Methods.

To confirm and extend these results, we assessed the
amounts of PBP2 in the ancestor, various evolved clones, and
isogenic constructs that differed only in their pbpA alleles. Cell
membranes were prepared from these strains as described in
Materials and Methods, and PBPs were detected after labeling
with fluorescein-conjugated ampicillin and using horseradish
peroxidase-conjugated antifluorescein antibodies. Specific
identification of PBP2 was performed by using competitive
binding of amdinocillin, which was added prior to the fluores-
cein-conjugated ampicillin labeling step. Therefore, the PBP2
band should have specifically disappeared after the competi-
tive treatment, allowing identification of PBP2 in the untreated
samples (Fig. 2).

In the ancestral strain REL606, one unique band specifically
disappeared after amdinocillin competition, and therefore this
band corresponded to PBP2 (Fig. 2). In the untreated samples,
the amount of PBP2 depended on the pbpA allele (Fig. 2). In
particular, the levels of PBP2 observed in the evolved clones
from populations Ara-5 and Ara�1 carrying the evolved pbpA
alleles (REL968-8 and REL1158C) and after pbpA-5 was
moved into the ancestor (LUD5) were lower than the levels in
the ancestral strain REL606. Moreover, replacement of

pbpA�1 by pbpAanc in the evolved clone REL1158C restored
the ancestral level of PBP2. In the evolved REL1158A clone,
which was isolated after 2,000 generations from population
Ara�1 but still carried the ancestral pbpAanc allele, the PBP2
level was also similar to that in REL606 (Fig. 2B). Thus, both
evolved pbpA alleles reduced the level of PBP2 compared to
the ancestral allele. The results obtained with the transcrip-
tional fusions indicate that this change occurred at the level of
transcription. The two populations therefore evolved so that
there were similar phenotypic changes in PBP2 expression that
reflected the parallel substitution of mutations within the pbpA
operon.

Evolved pbpA alleles change cell morphology. Given that the
presence of the evolved pbpA alleles resulted in substantially
reduced levels of PBP2, we first sought to assess whether the
remaining PBP2 molecules were still functional in the evolved
clones. Previous studies have reported that cells grow as en-
larged spheres that eventually lyse when the transpeptidase
activity of PBP2 is inhibited by amdinocillin (29, 65, 68). We
therefore observed the effects of amdinocillin on cell morphol-
ogy by using optical microscopy (Fig. 3A). Cultures of the
ancestor strain REL606 and two evolved clones, REL1158C

FIG. 2. Effects of pbpA mutations from populations Ara-5 (A) and
Ara�1 (B) on the amount of PBP2. Strains were grown in DM250, and
cells were collected upon entry into stationary phase. Membrane pro-
teins were extracted, treated or not treated with 10 �M amdinocillin
(Mecillinam), and incubated with fluorescein-conjugated ampicillin
that bound to PBPs. Immunodetection was performed using 40-�g
samples and antifluorescein antibodies. Competition between amdino-
cillin and ampicillin for binding to PBP2 allowed detection of PBP2 by
comparison of samples treated with amdinocillin and samples not
treated with amdinocillin (arrowheads). The following strains were
used: REL606, the ancestor (pbpAanc); REL968-8, a 1,000-generation
clone from population Ara-5 carrying the evolved allele pbpA-5;
DVS79, same as REL968-8 except with pbpAanc; LUD5, same as
REL606 except with pbpA-5; REL1158A, a 2,000-generation clone
from population Ara�1 with the ancestral allele (pbpAanc);
REL1158C, another 2,000-generation clone from population Ara�1
but carrying the evolved allele pbpA�1; and DVS53, same as
REL1158C except with pbpAanc.

TABLE 2. Effects of evolved pbpA alleles on transcription

Promoter fused
to lacZa

�-Galactosidase activityb

Exponential
phase

Stationary
phase

PpbpAanc
c 100 100

PpbpA-5
c 7.35 � 0.67 12.87 � 0.58

PpbpAanc
d 100 100

PpbpA�1
d 45 � 4 51 � 5

a The promoters studied were the ancestral promoter, PpbpAanc, and the
evolved promoters PpbpA-5 and PpbpA�1 from populations Ara-5 and Ara�1,
respectively.

b The values are the averages � standard deviations of three separate cultures;
the values for the ancestral promoter were arbitrarily defined as 100. Cultures
were grown in DM250 at 37°C, and samples were withdrawn at exponential phase
(OD600, 0.2) and at stationary phase after 24 h. The �-galactosidase specific
activities are expressed in �mol o-nitrophenol min�1 mg�1 cellular protein (42).

c Transcriptional fusions PpbpAanc::lacZ and PpbpA-5::lacZ were introduced as
single copies into the chromosome of the ancestral strain, REL606, at the
bacteriophage � attachment site.

d The PpbpAanc::lacZ and PpbpA�1::lacZ fusions were constructed on the
pRS551 plasmid and then moved into REL606. The residual activity of pRS551
without any insert was deducted from the �-galactosidase activities measured for
PpbpAanc and PpbpA�1.
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and REL1158A, both isolated at generation 2000 from popu-
lation Ara�1 but carrying the pbpA�1 and pbpAanc alleles,
respectively, were treated with 4 �g/ml of amdinocillin and
compared microscopically with untreated control cultures (Fig.
3A). The REL1158C cells clearly had a different shape than
the cells of the two other strains, but in all cases the addition
of amdinocillin led to enlarged spherical cells, which reflected

the inhibition of cell wall elongation. This effect indicates that
PBP2 remains functional even when the evolved pbpA�1 allele
is present.

We also analyzed the direct effects of the evolved pbpA
mutations on cell shape. Cultures of the isogenic strains were
sampled during exponential growth in DM250 (OD600, 0.2),
and cells were observed microscopically (Fig. 3B and C). The

FIG. 3. Effects of evolved mutations in the pbpA operon on cell morphology. Cells were grown in DM250 with or without amdinocillin
(Mecillinam) and observed using a Zeiss Axioplan 2 microscope. All photographs were obtained using a magnification of �1,000, and all images
are at the same relative scale. Bars 	 10 �m. (A) Effects of inhibition of PBP2 activity with amdinocillin on cell shape. Strains were grown in
DM250 for 1 h, and cultures were then split into two halves. One half was treated with amdinocillin (4 �g/ml) and incubated for an additional 5 h,
and then cells were collected and observed. (B) Effect of evolved pbpA allele on cell morphology in population Ara-5. (C) Effect of evolved pbpA
allele on cell morphology in population Ara�1. The following strains were used: REL606, the ancestor (pbpAanc); REL1158A, a 2,000-generation
clone from population Ara�1 with the ancestral allele (pbpAanc); REL1158C, a 2,000-generation clone from population Ara�1 with the evolved
allele pbpA�1; LUD5, same as REL606 except with evolved allele pbpA-5 from population Ara-5; LUD6, same as LUD5 except with pbpAanc
restored; and DVS53, same as REL1158C except with pbpAanc.
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cells of ancestral strain REL606 had the typical rod-shaped
morphology of E. coli cells. However, the presence of both
evolved pbpA alleles resulted in spherical cells, based on three
lines of evidence. First, introduction of the pbpA-5 allele into
the ancestral chromosome led to spherical cells (strain LUD5),
while restoring the ancestral allele (strain LUD6) restored the
rod-shaped morphology (Fig. 3B). Second, the cells of an
evolved clone (REL1158C) obtained from population Ara�1
at 2,000 generations and bearing pbpA�1 were spherical, while
introduction of pbpAanc (strain DVS53) resulted in morphol-
ogy closer to the rod-shaped morphology typical of the ances-
tor (Fig. 3C). Also, individual cells of the evolved clone
REL1158C were quite heterogeneous in terms of size, and
introduction of the ancestral pbpA allele made them much less
variable in this respect. Third, another evolved clone
(REL1158A) isolated at 2,000 generations from population
Ara�1 but still bearing the ancestral pbpA operon produced
rod-shaped cells similar to the cells of the ancestor. Thus, both
evolved pbpA alleles seem to disrupt cell wall elongation dur-
ing exponential growth, as previously described for impairment
of PBP2 activity (18). While this effect is well supported, re-
placement of the evolved allele by the ancestral allele in
REL1158C did not result in precisely the same cell morphol-
ogy as the ancestral strain, which indicates that one or more
other mutations (at present unknown) had an effect in this
evolved clone.

We also measured the average cell volume in stationary-
phase cultures (after 24 h of incubation in DM25) for strains
REL606, LUD5, and LUD6 using a Coulter counter (Fig. 4).
The pbpA-5 mutation increased the average volume by about
36%, and this phenotype was reversed in LUD6 (Fig. 4). The
pbpA-5 allele was first detected at 1,000 generations in popu-
lation Ara-5 (see below). At that time, the average cell volume
in the population was 0.630 fl (36), while introduction of the
pbpA-5 allele into the ancestral genome resulted in an average
volume of 0.408 fl (Fig. 4). Therefore, while the pbpA-5 allele

had a large effect on cell volume, there were other mutations in
population Ara-5 that also increased cell size.

Evolved pbpA alleles increase sensitivity to osmotic stress.
The peptidoglycan layer plays an important role in protecting
cells against osmotic pressure. Given that the evolved pbpA
alleles lower the expression of PBP2, we measured the suscep-
tibility of the ancestral and evolved cells to osmotic stress.
Strains REL606, LUD5, LUD6, REL1158A, REL1158C, and
DVS53 were grown in LB media containing a range of NaCl
concentrations, and the net growth of each strain, reflecting
differences in both growth and survival, was estimated by com-
paring viable cell counts to the counts for corresponding cul-
tures without NaCl (Fig. 5). Introduction of the pbpA-5 allele
into the ancestral chromosome (strain LUD5) made the cells
much more sensitive to osmotic stress, and this phenotype was
completely reversed by restoring the ancestral allele when
LUD6 was produced (Fig. 5A). Similarly, the evolved strain
REL1158C (pbpA�1) was much more sensitive to high NaCl
concentrations than REL606 (pbpAanc), and restoration of the
ancestral pbpA allele (strain DVS53) reduced the sensitivity to
the ancestral level. Strain REL1158A, also isolated at genera-
tion 2000 from the Ara�1 population, still possessed the an-
cestral pbpA allele, and it exhibited the high ancestral resis-
tance to osmotic stress (Fig. 5B). Thus, both evolved pbpA
alleles increased the sensitivity of cells to osmotic stress.

Evolved pbpA alleles enhance fitness during the long-term
experiment. The fitness effect of the evolved pbpA-5 allele was
measured by performing 6-day competition assays with the
marked ancestral strain and LUD5 (the ancestor with the
pbpA-5 allele), using the same conditions that were used in
the long-term evolution experiment (Fig. 6A). As a control, the
unmarked ancestor REL606 was used in a competition exper-
iment with its marked counterpart, REL607, and there was no
discernible effect of the marker on relative fitness (H0 	 1; n 	
6; ts 	 0.3217; P 	 0.7607, as determined by a two-tailed test).
By contrast, the fitness of the ancestral strain with the evolved
pbpA-5 allele, LUD5, relative to the marked ancestor, REL607,
was 1.0441, and this effect was highly significant (H0 	 1; n 	
6; ts 	 9.7148; P 	 0.0001, as determined by a one-tailed test).
Moreover, this fitness advantage was eliminated when the
pbpAanc allele was restored to produce strain LUD6 (H0 	 1;
n 	 6; ts 	 0.0141; P 	 0.9893, as determined by a two-tailed
test), demonstrating that the benefit was specific to the pbpA-5

allele.
To evaluate the fitness effect of the pbpA�1 allele, strains

REL607, REL1158C, and DVS53 were each used in competi-
tion experiments with the ancestral strain REL606 (Fig. 6B);
again, the environment was the same one that was used for the
long-term evolution experiment, but the assays lasted only 1
day because of the larger differences in fitness among some of
these strains. REL607 is the progenitor of population Ara�1,
REL1158C is a 2,000-generation clone of this population that
carries the evolved pbpA�1 allele, and DVS53 was constructed
from REL1158C by introducing the pbpAanc allele. Once again,
there was no significant difference between the marked ances-
tral variants (H0 	 1; n 	 6; ts 	 0.3311; P 	 0.7540, as
determined by a two-tailed test). The evolved clone REL1158C
had a significant fitness advantage (1.243) relative to the an-
cestor (H0 	 1; n 	 5; ts 	 15.0853; P 
 0.0001, as determined
by a one-tailed test), which reflected not only the pbpA�1 allele

FIG. 4. Effect of evolved pbpA-5 mutation on cell volume. Strains
REL606 (pbpAanc), LUD5 (same as REL606 except with evolved allele
pbpA-5), and LUD6 (LUD5 with the ancestral allele pbpAanc restored)
were grown in DM25 under the conditions used in the long-term
experiment and then diluted 1:100 in isotone solution (Beckman), and
thousands of cell volumes were measured electronically using a
Coulter Multisizer 3 counter (Beckman). The error bars indicate stan-
dard errors based on six replicate cultures for each strain.
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but also all other beneficial mutations that occurred during its
2,000 generations of evolution. As expected for these other
beneficial substitutions, the isogenic construct DVS53, which
possesses the evolved genome except for the pbpA allele, also
had a significant, albeit smaller, fitness advantage (1.176) rel-
ative to the ancestor (H0 	 1; n 	 5; ts 	 18.0391; P 
 0.0001,
as determined by a one-tailed test). Importantly, the difference
in fitness between REL1158C and DVS53, which reflected the
specific effect of the pbpA�1 allele, was itself very significant

(H0 	 0; ts 	 3.5574; P 	 0.0037, as determined by a one-tailed
test). Thus, both evolved pbpA alleles were beneficial in the
environment used for the long-term evolution experiment, in-
dicating that a reduced level of PBP2 is advantageous under
these conditions.

To investigate the origin and subsequent dynamics of sub-
stitution of the evolved pbpA alleles, we analyzed (as described
in Materials and Methods) the corresponding genomic region
in many clones obtained from populations Ara-5 and Ara�1
between generations 500 and 2000. The evolved pbpA allele
was not detected at generation 500 in population Ara-5, but it
was present in �90% of the clones sampled at generation 1000
and in all of the clones from generation 2000 (Table 3). In
population Ara�1, the evolved pbpA allele was not detected at
generation 500 or 1000, but it was present in �30 and �90%
of the clones tested from generations 1500 and 2000, respec-
tively (Table 3). Thus, both mutations contributed to the large
early gains in fitness (36), and both mutations were transiently
polymorphic before they were fixed in their respective popu-
lations.

FIG. 5. Effects of the evolved pbpA alleles from populations Ara-5
(A) and Ara�1 (B) on sensitivity to osmotic stress. Each strain was
grown in liquid LB media containing different NaCl concentrations for
12 h and then plated onto LB agar. The net population growth of each
strain, reflecting the effects of NaCl on growth and survival, is ex-
pressed relative to the growth of cultures of the same strain in LB
medium without NaCl. The error bars indicate standard errors based
on four replicates for each combination of strain and NaCl concentra-
tion. (A) }, ancestral strain REL606 (pbpAanc); f, LUD5, same as
REL606 except with evolved allele pbpA-5 from population Ara-5; F,
LUD6, LUD5 with the ancestral allele pbpAanc restored. (B) },
REL606; f, REL1158A, a 2,000-generation clone from population
Ara�1 with the ancestral allele (pbpAanc); F, REL1158C, a 2,000-
generation clone from population Ara�1 with the evolved allele
(pbpA�1); �, DVS53, same as REL1158C except with the ancestral
allele pbpAanc.

FIG. 6. Fitness effects of the evolved pbpA alleles. Competition
assays were performed under the conditions used in the long-term
evolution experiment, in all cases with the ancestor bearing the oppo-
site Ara marker. The error bars indicate the 95% confidence intervals
based on five or six replicate assays. Note the difference in scale
between the two panels. (A) Population Ara-5. The following strains
were used: REL606, the Ara� ancestor (pbpAanc); LUD5, same as the
ancestor except with the evolved allele pbpA-5; and LUD6, strain
LUD5 with the ancestral allele pbpAanc restored. (B) Population
Ara�1. The following strains were used: REL607, the Ara� ancestor
(pbpAanc); REL1158C, clone from generation 2000 with the evolved
allele pbpA�1; and DVS53, same as clone REL1158C except with the
ancestral allele pbpAanc introduced.

TABLE 3. Dynamics of the evolved pbpA alleles in populations
Ara-5 and Ara�1

Generation
No. of clones
with pbpA-5/

total no.a

No. of clones
with pbpA�1/

total no.b

500 0/18 0/50
1,000 16/18 0/50
1,500 NDc 15/50
2,000 18/18 44/49

a For population Ara-5, PCR products were tested by examining enzymatic
restriction with GsuI.

b For population Ara�1, the size of the PCR product indicated whether the
ancestral or evolved allele was present.

c ND, not determined.
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Evolved pbpA-5 allele reduces fitness during prolonged sta-
tionary phase. In a recent study, another PBP, PBP1b, was
shown to be necessary for survival during prolonged nutritional
stress (51). The role of PBP2 under these conditions was not
investigated in the previous study because the loss of PBP2 is
lethal in rich medium. However, we were able to perform
competition experiments using isogenic strains to examine the
effect of pbpA expression on the survival of cells during pro-
longed starvation.

We performed competition experiments in which each of
three strains, REL606 (pbpAanc), LUD5 (REL606 except with
the evolved pbpA-5 allele), and LUD6 (LUD5 except with the
pbpAanc allele restored), was grown with REL607 in LB me-
dium (without serial transfer) for 15 days. Spontaneous nali-
dixic acid resistance mutations were used as an additional
marker to distinguish competitors, and the marker was
switched between the competitors to confirm that it did not
affect the outcome. After 15 days, LUD5 was completely out-
competed by REL607, and the LUD5 level was below the limit
of detection (�10 cells per ml) in all six replicates (three
replicates with each resistance marker state). By contrast,
REL606 and LUD6 each persisted along with REL607 in all
six replicates, and the average ratios were similar to the start-
ing ratio. Thus, LUD5, which carried the evolved pbpA-5 allele,
exhibited the stationary-phase-specific competition-defective
phenotype (51), while its otherwise isogenic counterparts with
the ancestral pbpA allele did not. No differences between the
strains grown as monocultures were detected. PBP2 evidently
has an important physiological role in promoting competitive-
ness and survival during prolonged nutrient deprivation.

DISCUSSION

We examined the fitness and other phenotypic consequences
of mutations affecting the pbpA operon that were substituted
during a long-term evolution experiment in a glucose-limited
minimal medium (61, 79). Statistical analyses, including anal-
yses of parallel substitutions of mutations in pbpA in 6 of 12
lines, suggested that these mutations were beneficial (79), an
inference that is directly supported by our study. In particular,
we analyzed two of these mutations, the mutations substituted
in populations Ara�1 and Ara-5 and located in the putative
transcriptional regulatory region of the operon (2, 61, 79). We
constructed isogenic strains that differ only in the presence of
the ancestral or evolved pbpA alleles. Both evolved mutations
decreased transcription of the pbpA operon, resulting in
smaller amounts of PBP2. The reduced levels of PBP2 led to
changes in cell morphology, giving rise to coccoid cells with
increased volume. Competition experiments with the isogenic
strains demonstrated that both mutations improved fitness in
the seasonal environment used for the long-term experiment,
in which populations experience daily cycles of feast and fam-
ine. Both pbpA mutations arose during the first 2,000 genera-
tions of the long-term experiment, which corresponded to the
period of most rapid fitness gains.

The evolved pbpA mutations also had pleiotropic effects that
were detrimental under certain other conditions. In particular,
both evolved pbpA alleles caused increased sensitivity to os-
motic stress. We also showed that the evolved pbpA-5 allele
reduced competitive performance during prolonged starvation

over many days. The disadvantage during starvation might be
related to observations made in two previous studies. First, the
inhibition of PBP2 by amdinocillin has been reported to delay
the initiation of both peptidoglycan synthesis and growth when
cells are in stationary phase (16). However, the populations in
the long-term experiment evolved a shorter lag phase after the
daily transfers into fresh medium (74). Any physiological effect
that delayed the transition between the stationary and growth
phases would have been detrimental during the experiment,
and therefore it seems unlikely that such an effect is associated
with the evolved pbpA alleles. Second, stationary-phase cells
retained significant peptidoglycan biosynthetic activity involv-
ing PBP2 (7), and this continued activity may have imposed a
cost under the conditions of the long-term experiment. By
reducing PBP2 activity to avoid this cost, the viability of the
cells during prolonged starvation might have been compro-
mised. In any case, PBP2 is likely involved in the turnover of
murein during stationary phase and in the initiation of murein
synthesis during regrowth, and both of these processes are
undoubtedly important for success in the seasonal feast-and-
famine environment of the long-term experiment. The evolved
pbpA alleles are clearly beneficial in the selective environment
in which they arose, but they are deleterious under some other
conditions, thus indicating that there is a trade-off. Trade-offs
have also been reported for two other loci that also underwent
parallel substitutions in the long-term lines, in particular, ben-
eficial mutations in the rbs operon (12) and the malT gene (50)
led to decay of unused ribose and maltose catabolic functions,
respectively.

It is important to emphasize that our molecular studies fo-
cused on the expression of pbpA. However, the pbpA gene is in
an operon that includes three other genes; two of these genes,
ybeB and ybeA, have unknown functions (2), and rodA encodes
a protein required for PBP2 function and is involved in main-
tenance of the rod-shaped cell morphology (18). Previous re-
search has shown that alterations to RodA and PBP2 can have
similar phenotypic effects (18). Another gene, rlpA, encoding
one of two rare lipoproteins (69), may also belong to the same
operon (56), and its function is unknown except that a trun-
cated version of RlpA suppresses a null mutant of the prc-
encoded periplasmic protease (3). The dacA gene, which en-
codes PBP5 and thus is also involved in peptidoglycan
biosynthesis (45), is immediately downstream of the pbpA
operon. However, neither the Ara�1 nor the Ara-5 evolved
allele affects the amount of PBP5 (data not shown), indicating
that dacA is probably not part of the same operon. By reducing
transcription, the evolved pbpA alleles may affect the levels of
all proteins encoded by the operon. We did not measure the
amounts of RodA or the other proteins encoded by genes in
the operon because of the lack of suitable antibodies. How-
ever, sequencing of the operon (except rlpA) in clones obtained
from the 12 populations revealed mutations in the promoter
region and in pbpA but not in any of the other genes (79).
Several studies have documented that there is a high level of
genetic parallelism underlying adaptation in these populations
(11, 12, 50, 79), and therefore we hypothesized that the in-
creased fitness and other changes associated with the muta-
tions affecting the pbpA operon reflect the altered level of
PBP2 itself. We attempted to check this hypothesis directly by
introducing into the ancestral strain a mutation substituted in
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another population (Ara-1) (Fig. 1) that affected the coding
region of pbpA. However, despite multiple efforts, this exper-
iment was unsuccessful. Hence, we cannot exclude the possi-
bility that changes in the amounts of YbeB, YbeA, RodA, and
RlpA also contribute to the improved fitness and other phe-
notypic effects of the evolved alleles.

We showed that both the Ara-5 and Ara�1 mutations re-
duce the transcription of pbpA. Both mutations are located
upstream of the translational start of ybeB, the first gene in the
operon. A putative promoter has been identified upstream of
the operon (2). The Ara�1 mutation is an IS150 insertion that
is only 11 bp upstream of the �35 box of this putative promoter
and may directly affect its transcriptional activity. The Ara-5
allele harbors a point mutation 95 bp downstream of the �35
box position. Although this mutation clearly also decreases
transcription, the underlying mechanism is not known. Some
possible mechanisms include the presence of additional pro-
moters, binding sites for regulatory proteins, or genes for non-
coding RNAs. Interestingly, two other mutations in another
population, designated Ara-2, also affect this region and are
located 22 and 153 bp downstream of the �35 box position.
Thus, analyses of these evolved alleles may reveal a regulatory
region for the ybeBA-rodA-pbpA-rlpA operon that is more com-
plex than previously recognized. This complexity may allow
differential regulation of these genes and thus contribute to the
dynamic behavior of the peptidoglycan structure (71).

PBP2 is well characterized biochemically and has been
shown to have DD-transpeptidase activity in vitro (28). PBP2
and other PBPs are involved in the assembly of peptidoglycan
by giving the glycan chains their structural integrity. Impair-
ment of PBP2 activity leads to spherical cells instead of the
rod-shaped morphology typical of E. coli (4). In good agree-
ment with previous work, our experiments demonstrated that
both evolved alleles simultaneously reduce the amount of
PBP2 and result in cells that are more spherical. Despite sub-
stantial information at the biochemical level, however, the
precise functions of many PBPs, including PBP2, are less clear.
In particular, there is substantial functional redundancy among
PBPs in E. coli; mutant strains with only one PBP impaired
often have no obvious phenotypes (81), and even a mutant
deficient in 8 of the 12 PBPs was viable (17). PBP5 has been
shown to influence the diameter, contour, and shape of E. coli
cells (45), but these effects are much more visible in mutants
lacking other PBPs as well as PBP5. This apparent redundancy
suggests that most PBPs are not essential under standard lab-
oratory conditions, although they may have greater physiolog-
ical relevance in other environments. Consistent with this view,
PBP1a influences the synthesis of the colonic acid capsule and
temperature sensitivity, while PBP1a and PBP5 may contribute
to phage resistance (81). Also, PBP1b has been shown to be
important to E. coli cells during prolonged stationary phase,
whereas nine other PBPs were dispensable under these condi-
tions (51), although this study did not include PBP2. All of
these previous studies analyzed deliberately constructed
knockout and other mutants with mutations in the various
PBP-encoding genes. By contrast, we analyzed two pbpA alleles
that evolved and were beneficial to E. coli, albeit under benign
conditions. We showed that both mutations decrease the level
of PBP2 while they increase the sensitivity to osmotic stress
and, in at least one case, reduce fitness during prolonged star-

vation, implying that this protein has important stress-related
functions that are, however, costly to maintain when they are
not needed.

This pattern of trade-offs between increased fitness in the
selective environment and reduced performance under certain
other conditions implies that there is ecological specialization
(13). Two population genetic processes, mutation accumula-
tion and antagonistic pleiotropy, can produce this specializa-
tion. Mutation accumulation involves the spread by random
drift, hitchhiking, or both of mutations that are neutral or even
slightly deleterious, such as mutations in the genes that encode
pathways that are not used in the selective environment. In
contrast, antagonistic pleiotropy is driven by natural selection
and occurs when mutations that are beneficial in the selective
environment have deleterious side effects on performance un-
der other conditions. Cooper and Lenski (13) described several
lines of evidence indicating that antagonistic pleiotropy was
more important than mutation accumulation in the long-term
experiment with E. coli. However, a direct genetic test would
require demonstrating that the same mutations are responsible
for both adaptation and increased specialization. By construct-
ing isogenic strains that differ only in whether they possess an
ancestral or evolved pbpA allele, we showed that the pbpA
mutations are beneficial in the benign environment where they
evolved and deleterious under certain more stressful condi-
tions, thereby providing direct evidence for antagonistic pleiot-
ropy. Direct support for antagonistic pleiotropy was also ob-
tained in two previous studies with the long-term lines, which
showed that mutations that were beneficial in the glucose en-
vironment resulted in a diminished capacity to grow on ribose
and maltose (12, 50). Reductions in the costs of expressing
unused functions may explain the benefits associated with
these mutations, although indirect effects might also be impor-
tant (22). In any case, ecological specialization caused by an-
tagonistic pleiotropy is not restricted to catabolic abilities in
these populations. Such trade-offs also imply that selection
may favor a fine-tuned balance between the benefits and costs
associated with a given protein (15). In this context, it is note-
worthy that PBP2 is one of the less abundant PBPs in E. coli,
with only �100 molecules per cell (21, 67), yet it evolved to an
even lower concentration in at least some of the long-term
lines under a selective regimen that strongly favors rapid
growth (74). Based on differences in the intensity of the PBP2
bands in Fig. 2, we estimated that the ancestral allele yields
roughly fivefold more protein than either of the evolved pbpA
alleles.

Impairment of PBP2 activity leads to spherical cells in which
peptidoglycan is largely confined to the septum (18), which
may limit peptidoglycan recycling (72). Consistent with this,
the evolved pbpA alleles reduce PBP2 levels while also gener-
ating spherical cells. The fitness advantage conferred by the
evolved pbpA alleles in a glucose environment might reflect the
reduced cost of maintaining the cell wall elongation function
more generally (i.e., beyond the energetic savings associated
with lower PBP2 levels per se). Many PBPs are part of mul-
tienzyme complexes (59) that interact with one another (6) or
with peptidoglycan hydrolases (32, 55, 77), and the interactions
may coordinate the hydrolysis of peptidoglycan and the intro-
duction of new cell wall material during the cell cycle. Many
PBPs also interact with other proteins, including MreC, which
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is an essential protein involved in determining cell shape that
is encoded by the mreBCD operon (20). This operon also
encodes MreB, an actin homolog that forms helical filaments
beneath the inner membrane along the cell length. PBP2, in
particular, has been shown to interact with MreC in both Cau-
lobacter crescentus (20) and Bacillus subtilis (73) and with other
PBPs in C. crescentus (23). PBP2 may also occur in the multi-
protein membrane-bound complexes involved in lateral pepti-
doglycan biosynthesis (30). The MreB filaments might spatially
organize the PBPs within the inner membrane, thereby main-
taining cell shape, in part by structuring the PBP2-peptidogly-
can biosynthesis complex (23). In this way MreB may help
coordinate the switch from longitudinal to septal peptidogly-
can synthesis during cell division, which is particularly relevant
in E. coli because PBP2 directs cell elongation, whereas PBP3
redirects most peptidoglycan synthesis to the septum (19). Al-
though many details of these interactions remain unclear, it
seems likely that changes in the concentration of PBP2 could
have important effects on this complex network of interacting
proteins.

All 12 populations in the long-term experiment evolved cells
that were much larger, on average, as they became more fit
(36), and in several populations the cells also became more
spherical (35). As a consequence of the increased size and
altered shape, the average ratio of surface area to volume
declined in the evolved bacteria relative to the ratio for their
common ancestor (35). We have demonstrated that mutations
in the pbpA operon contribute to these phenotypic changes in
two populations, and four other populations also have muta-
tions in the pbpA operon (79) that likely influence cell size and
shape as well. However, other mutations must also contribute
to the changes in cell morphology because in all 12 populations
the average cell size increased and because the pbpA mutations
that we studied explain only a small portion of the overall
increase in average cell volume in the populations where they
arose.

Moreover, the selective advantage or other explanation for
the evolved changes in cell size and shape, including the lower
ratio of surface area to volume, remains unclear. However,
below we offer a few hypotheses, as well as some evidence that
bears on them. It has long been known that fast-growing cells
are larger than slow-growing cells (1, 58). Hence, one non-
adaptive explanation is that the evolved bacteria produce
larger cells simply as a correlated effect of their faster growth.
However, this explanation was rejected by showing that the
evolved bacteria produced larger cells than the ancestor even
when both types of bacteria were forced to grow at the same
rate by placing them in separate chemostats at the same dilu-
tion rate (43). Also, the lower surface-to-volume ratio of the
evolved cells seems to be maladaptive in a nutrient-limited
environment, although one could hypothesize that there are
certain advantages in the context of the daily serial transfer
regimen under which the populations evolved. In particular,
larger cells have more reserves that might allow them to com-
mence growth more quickly upon transfer into fresh medium.
Cells with larger absolute surface areas might also function as
larger sponges, allowing them to accumulate glucose faster
than they can use it, thereby provisioning their progeny with
carbon and energy that they can use after the glucose has been
depleted from the medium. Such a strategy might provide a

competitive advantage specific to the feast-and-famine regi-
men imposed by serial transfer. Alternatively, a mathematical
model of bacterial growth predicts that larger cells result if
selection increases both the transport of the limiting nutrient
into the cell and the efficiency of biomass conversion (25),
without any direct selection on cell morphology per se. The
rate of glucose transport presumably increased in the evolved
bacteria, given their faster growth on glucose and the specific-
ity of their fitness gains with respect to carbon sources that, like
glucose, employ the phosphotransferase system (47, 70). Also,
the reduced costs of maintaining unused functions have in-
creased the efficiency with which the evolved bacteria convert
the limiting glucose into biomass (35, 37, 46). For now, it is still
unclear precisely why the evolved bacteria produce larger cells
than their ancestors, but the mutations in the pbpA operon that
we studied here contribute simultaneously to the improved
fitness, increased volume, and altered shape in some of the
lineages.
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